INTRODUCTION
Human nucleotide excision repair (NER) is the major mechanism for removing bulky DNA adducts (1±3) derived from reaction of DNA with metabolites of polycyclic aromatic hydrocarbons (PAHs) (4, 5) . Current understanding of the multi-step process involved in mammalian NER is along the following lines (6±8): ®rst, the damage recognition factor XPC-hHR23B binds the lesion site and partially opens the DNA duplex around the adduct. This partial opening recruits the TFIIH complex, in concert with the entry of XPA and RPA, to form the fully opened pre-incision complex. Upon veri®cation of the damage, presumably by XPA, RPA and TFIIH, the XPG endonuclease incises the damaged strand on the 3¢ side of the lesion, followed by ERCC1-XPF endonuclease cleavage on the 5¢ side. Finally, the 24±32 nt gap is patched by DNA polymerase d or e together with replication factor C and proliferating cell nuclear antigen. DNA ligase I then seals the nick. A key issue in the NER of a bulky carcinogen±DNA adduct is the ability of the NER machinery to recognize and repair certain adducts while failing to repair others. Unrepaired adducts have a greater chance to survive to the DNA replication cell cycle. Unfaithful translesion bypass could then give rise to mutations in cellular proto-oncogenes or tumor suppressor genes and thereby initiate the carcinogenic process (9) .
For a lesion to become a substrate for NER, it is believed that both a distortion of the DNA helix and a modi®cation to the DNA chemical structure are needed (1, 6, 10) . DNA helix distortions, such as diminished Watson±Crick base pairing, DNA bending, and unwinding of the DNA strands, are thought to play an important role in the NER recognition process (7, 10, 11) . These types of destabilizing distortions have also been described in terms of`thermodynamic probing', in which the NER machinery tends to recognize lesions with helical instability (12) .
Fjord region PAHs, which have a twisted, sterically hindered aromatic region (13) , are of great interest because of their signi®cantly greater tumorigenic activities than those of the planar bay region derivatives (9, 14, 15) . (16) (Fig. 1) . These intermediates react predominantly with adenine residues in DNA (17) to produce the stereoisomeric 1R (+)-and 1S (±)-trans-anti-B[c]Ph-N 6 -dA adducts via trans epoxide opening (4) . It has been found experimentally that both the 1R (+)-and 1S (±)-trans-anti-B[c]Ph-N 6 -dA adducts in the human N-ras mutational hotspot codon 61 sequence, one of the critical codons that has been found mutated in a variety of human cancers (18) , are not repaired in human cell extracts (19) . However, the 10S (+)-and 10R (±)-trans-anti-B[a]P-N 6 -dA adducts, the analogous stereoisomeric DNA adducts of the bay region benzo[a]pyrene (B[a]P), are repaired in the same base sequence, with the 10S (+) B[a]P-dA isomer more repair susceptible than the 10R (±) B[a]P-dA isomer (19) . This may account for the signi®cantly higher tumorigenicity of the fjord region PAH diol epoxides as compared with their bay region counterparts.
In order to elucidate the origins of the differences in repair susceptibilities of the B[c]Ph-and B[a]P-dA adducts in terms of the thermodynamic and structural features of the adducts in double-stranded DNA, we carried out an extensive thermodynamic analysis through investigating a large ensemble of structures generated from molecular dynamics (MD) simulations, and delineated in detail the structural features of the ensembles in relation to the elements the NER machinery is believed to recognize. We carried out a 2 ns MD simulation with explicit solvent and counterions using AMBER 5.0 for the 1R (+)-and 1S (±)-trans-anti-B[c]Ph-N 6 -dA adducts in the human N-ras codon 61 sequence context d(CGGACA*AGAAG)d (CTTCTTGTCCG), with modi®cation at A*. The molecular mechanics Poisson±Boltzmann surface area (MM-PBSA) method (20±23) was applied to calculate relative free energies of the two stereoisomeric adducts. This methodology has recently been successfully employed to compute the structural and thermodynamic properties of biomacromolecules when benchmarked against an array of experimental data (20±25).
We employed high resolution NMR solution structures in a different sequence context (26, 27) Our thermodynamic analyses of the dynamics trajectories of the 1R (+)-and 1S (±)-trans-anti-B[c]Ph-N 6 -dA adducts reveal that they have similar stabilities in the human N-ras codon 61 sequence context. Our structural analyses reveal minimal distortions to accommodate intercalation in both adducts, in terms of unwinding, stretching and distortions in the helix backbone, as well as disruption of Watson±Crick hydrogen bonding. In contrast, our previous structural and thermodynamic computations (28) showed that the corresponding 10R (±) and 10S (+) B[a]P-dA adducts derived from the bay region benzo[a]-pyrene diol epoxides (B[a]PDEs), which are also 5¢-and 3¢-intercalated, respectively (29±33), are more distorted in terms of these structural features, with the S isomer more disturbed and also thermodynamically less stable than the R isomer. Thus, the structural distortions and thermodynamic stabilities parallel the susceptibility to NER.
The differences between the B[c]Ph-and B[a]P-dA adducts stem from the different intrinsic topologies of the bay and fjord region PAH diol epoxides. The bay region PAH aromatic region is planar, rigid and more extended. In contrast, the sterically hindered fjord PAH aromatic region is curved and twisted rather than planar (Fig. 1) . In duplex DNA, this twist of the aromatic rings can adapt its direction to optimize stacking of the aromatic ring system at the intercalation site (26, 27, 34) . These features of the B[c]Ph adducts allow for better ®t in the intercalation pocket and hence less structural distortion.
MATERIALS AND METHODS

Starting structures and force ®eld
The high resolution NMR solution structures of the 1R (+)-and 1S (±)-trans-anti-B[c]Ph-N 6 -dA adducts (A*) in an 11mer DNA duplex with sequence d(CTCTCA*CTTCC)d (GGAAGTGAGAG) (26, 27) were employed as the starting structures. We remodeled them to the human N-ras codon 61 sequence context. The starting structure for the unmodi®ed DNA duplex d(CTCTCACTTCC)´d(GGAAGTGAGAG) control in the human N-ras codon 61 sequence context was an energy minimized B-form DNA computed with the DUPLEX program (35) from a B-DNA ®ber diffraction model (36) . Insight II 97.0 from Accelrys, Inc., a subsidiary of Pharmacopeia, Inc., was used for all modeling. Details regarding force ®eld development for the adducts are given in Supplementary Material, Tables S1 and S2.
Molecular dynamics and free energy calculations
We carried out MD simulations using the AMBER 5.0 package (37) with Cornell et al. force ®eld (38) and the parm98 parameter set (39) for the 1R (+) and 1S (±) B[c]Ph-dA adducts and the unmodi®ed control. The particle mesh Ewald method (40) was employed to calculate the long-range electrostatic interactions, and a 12 A Ê cutoff was applied to the non-bonded Lennard-Jones interactions. We applied the SHAKE algorithm (41) to constrain all bonds involving hydrogen atoms with a tolerance of 0.0005 A Ê , and used a 1 fs time step in the MD simulations. We added 20 Na + ions to the system for neutralization using the LEap module in AMBER 5.0 (37), and then solvated the whole system with a rectangular box of TIP3P water molecules (42) which extended~10 A Ê from the outmost DNA atoms in each direction. This yielded a periodic box size of about 52 Q 50 Q 65 A Ê for the 1R (+) and 1S (±) B[c]Ph-dA adducts and the unmodi®ed control. In all, 3943, 4111 and 3662 water molecules were added for the 1R (+) B[c]Ph-dA adduct, the 1S (±) B[c]Ph-dA adduct and the unmodi®ed control, respectively. The minimization and equilibration protocols for all three systems were as follows: ®rst, the water molecules and counterions were minimized for 1500 steps of steepest descent, followed by 50 ps MD with the DNA fully ®xed to allow the solvent to relax. The whole system was then minimized for 1000 additional steps of steepest descent, followed by 3 ps MD with 25 kcal/mol restraints on the DNA, which further allowed the solvent to relax. Then the system was minimized for ®ve rounds of 600 steps of steepest descent with restraints on the DNA reduced by 5 kcal/mol each round, from 20 to 0 kcal/mol. Finally, the whole system was heated from 10 to 300 K over 40 ps using the Berendsen coupling algorithm (43) with a coupling constant of 0.2 ps. Production simulation was then continued at atmospheric pressure with a 0.2 ps coupling parameter at 300 K for 2 ns.
Free energy calculations using the MM-PBSA methodology (20±23) were carried out with the exact protocol as described in detail in our earlier work (28) . Brie¯y, the free energy (G tot ) was computed from the molecular mechanical energy (E MM ), the solvation free energy (G solvation ) and the solute entropic contributions to the free energy (DG tot = DE MM + DG solvation ± TDS). The molecular mechanics energy (E MM ) was calculated from the internal energy (E int ) stemming from deviations of the bonds (E bonds ), angles (E angles ) and dihedral angles (E dihedrals ) from their equilibrium values, the van der Waals energy (E vdW ) and the electrostatic energy (E electrostatic ). The solvation free energy (G solvation ) was approximated from the electrostatic solvation energy (G PB ) calculated using the DelPhi program (44, 45) and the nonpolar solvation energy (G nonpolar ); the latter was estimated as G nonpolar = gSASA + b (g = 0.00542 kcal/A Ê 2 , b = 0.92 kcal/mol), where SASA is the solvent-accessible surface area (SASA) computed by Sanner's algorithm implemented in the MSMS program (46) . The solute entropic contributions to the free energies were approximated with normal mode calculations (21, 28) .
Stability of the molecular dynamics simulation
The root mean square deviations (RMSDs) of the 1R (+) B[c]Ph-dA adduct, the 1S (±) B[c]Ph-dA adduct and the unmodi®ed control relative to the starting structures are shown in Figure S1 . The mean RMSDs relative to the starting structures for the 1R (+) and 1S (±) B[c]Ph-dA adducts are 2.9 T 0.3 A Ê and 2.6 T 0.3 A Ê over the ®rst 500 ps, and 3.7 T 0.5 A Ê and 3.3 T 0.5 A Ê over the 500±2000 ps time frame, respectively. A small transition occurred at~500 ps to a state that then remained stably¯uctuating for the remainder of the simulation. We then calculated an average structure for the 1R (+) B[c]Ph-dA adduct, the 1S (±) B[c]Ph-dA adduct and the unmodi®ed control over the 500±2000 ps time frame, and computed the RMSDs relative to these average structures ( 
Distortion free energy calculation
For each of the 150 frames retrieved at 10 ps intervals from the 1R (+) and 1S (±) B[c]Ph-dA adduct MD trajectories, as well as from our previous trajectories for the 10S (+) and 10R (±) B[a]P-dA adducts (28), we excised the modi®ed B[c]Ph or B[a]P and replaced it with a hydrogen atom that is bonded with N 6 of the adenine base. The bond length was adjusted to the value of the other N 6 ±H bond. The chemical structure of this DNA duplex is thus the same as that of the unmodi®ed DNA control duplex in our simulations. We then applied the MM-PBSA method to compute the free energy for these distorted but now unmodi®ed DNA duplexes, as well as for the normal unmodi®ed control. We compared these data with the corresponding values for the unmodi®ed duplex to estimate a distortion free energy (DG distort ) caused by the intercalation:
and so on for the other terms. We then computed a relative distortion free energy:
where min(DG distort ) is for the adduct with the lowest distortion free energy.
Quality of Watson±Crick hydrogen bonding
A hydrogen bond quality index (28, 35) , I H , was employed to quantitatively assess the deviation from ideal Watson±Crick hydrogen bonding distances and angles:
and g is the instantaneous D±H´´´A bond angle with ideal value of 180°. The summation is over the two Watson±Crick hydrogen bonds in an A±T base pair. I H adopts a value of 0 when ideal Watson±Crick hydrogen bonding is maintained. The criteria for Watson± Crick hydrogen bond occupancy employed were <3.4 A Ê for donor to acceptor heavy atom distance and 140±180°for the D±H´´´A hydrogen bond angle. twisting to the 3¢ direction. These dynamics simulation structures are consistent with the NMR solution structures of these adducts obtained in a different sequence context (26, 27) , which served as starting models for the simulations.
RESULTS
Dynamics average structures
The average value of the torsion angles a¢, b¢, g¢ and d¢ (Fig. 1) over the 500±2000 ps time frame for the 1R (+) and 1S (±) B[c]Ph-dA adducts are in similar conformational domains as the corresponding data in the NMR solution structures (Table 1) . We note that the d¢ angles of the two isomers, de®ning the direction of the fjord region twist, is opposite in sign; this reveals that the twist is opposite, which helps to optimize stacking on the 5¢ side for the 1R (+) B[c]Ph-dA adduct and on the 3¢ side for the 1S (±) B[c]Ph-dA adduct.
The 1R (+) and 1S (±) B[c]Ph-dA adducts exhibit negligible difference in free energy
We calculated free energies for the 1R (+) and 1S (±) B[c]PhdA isomeric adducts as detailed in Materials and Methods. As may be seen from Table 2 , the enthalpic contributions to the free energy, comprised of the molecular mechanical energy (E MM ) and the electrostatic solvation free energy (G PB ) are very similar for the 1R (+) and 1S (±) B[c]Ph-dA adducts, favoring the 1S (±) adduct by only 1.1 kcal/mol. However, the entropic contribution to the free energy favors the 1R (+) adduct by 1.3 kcal/mol. Therefore, the total free energy difference between the 1R (+) and 1S (±) B[c]Ph-dA adducts is only 0.2 kcal/mol, which is negligible.
Backbone and helicoidal parameter analysis shows similar modest distortions in the 1R (+) and 1S (±) B[c]Ph-dA stereoisomers
The backbone torsional parameters (de®ned in Fig. S3 ) for the 1R (+) and 1S (±) B[c]Ph-dA adducts and the unmodi®ed control duplex are shown in Figure S4 . In both the 1R (+) and 1S (±) adducts, the backbone torsional parameters, a, b, g and d, are generally similar to those of the unmodi®ed control duplex. However, distortion in the backbone parameters e and z occurs at or near the intercalation pockets and beyond. The glycosidic torsion angles c at C1 in the unmodi®ed control and in the 1R (+)
Helicoidal parameters (48) (de®ned in Fig. S5 ), calculated by the CURVES algorithm (49) in Dials and Windows (50) , are shown in Table 1 and Figure S6 . These give average values of the base pair and base pair step parameters at and near the lesion site for the 1R (+) and 1S (±) B[c]Ph-dA adducts, and for the corresponding residues in the unmodi®ed control. The differences in the helicoidal parameters relative to the unmodi®ed control occur mainly at or near the intercalation pockets. The buckle and propeller of the 1R (+) and 1S (±) adducts at the lesion site A*6±T17 are in opposite directions, to permit the 5¢ versus 3¢ intercalation of the R and S stereoisomeric adducts, respectively. There is a large increase in rise, compared with the unmodi®ed control for the C5±G18 to A*6±T17 base pair step in the 1R (+) adduct, and at the A*6±T17 to A7±T16 base pair step in the 1S (±) adduct. This accommodates the intercalated B[c]Ph, on the 5¢ side in the 1R (+) adduct and on the 3¢ side in the 1S (±) adduct. Signi®cant deviations in tilt are also observed in or near the intercalation pockets in both adducts. The magnitude of propeller is signi®cantly larger in the 1S (±) adduct than in the 1R (+) adduct. The origin of these differences is discussed below.
The values of twist at and near the intercalation pocket in the 1R (+) and 1S (P) B[c]Ph-dA adducts and in the unmodi®ed control reveals that the total unwinding in the R and S isomers is about the same (~18±19°) relative to the unmodi®ed control (Table S3) . Ph-dA adduct in the dynamics average structures. In the 1R (+) adduct, the aromatic rings partially overlap with all three adjacent bases, T17, C5 and G18; however, in the 1S (±) adduct they partially overlap with T17 and T16, but no obvious stacking with A7 is observed. This is due to the opposite directions of intercalation and fjord region twist, relative to the 5¢ or 3¢ direction, of the B[c]Ph in each stereoisomer. 
Watson±Crick hydrogen bonding is maintained in both the 1R (+) and 1S (±) B[c]Ph-dA adducts
Hydrogen bond occupancy for the two Watson±Crick hydrogen bonds N3±H3´´´N1 and N 6 ±H 6´´´O 4 is, respectively, 93.8 and 97.1% for the 1R (+) B[c]Ph-dA adduct and 95.5 and 94.9% for the 1S (P) B[c]Ph-dA adduct. The quality of Watson±Crick hydrogen bonding at the lesion site A*6 in the 1R (+) and 1S (±) adducts was analyzed using our hydrogen bond quality index I H (see Materials and Methods) for each of the dynamics trajectories over the 500±2000 ps time frame, a total of 3000 structures (Fig. S7) . The summed value of I H for the 3000 structures is 206 for the unmodi®ed control, 252 for the 1R (+) adduct and 398 for the 1S (±) adduct. The lower the value of I H , the better the hydrogen bond quality, so deviation from ideal Watson±Crick hydrogen bonding is exhibited in both the 1R (+) and 1S (±) B[c]Ph-dA adducts. However, the Watson±Crick hydrogen bonds are still maintained for both isomers throughout the simulation, although perturbed.
Interestingly, our hydrogen bond quality index, I H , shows that the S isomer is somewhat more distorted than the R isomer, since I H is higher. Also, propeller, buckle and opening are higher (Table 1) . This difference is caused by the shifting of the glycosidic torsional angle c toward the high-anti domain (47) only in the 1S (±) adduct. The distribution of the glycosidic torsion angles c at the lesion site A*6 for the 1R (+) B[c]Ph-dA adduct, the 1S (±) B[c]Ph-dA adduct and the unmodi®ed control is displayed in Figure S8 , which shows the number of structures from the 500±2000 ps dynamic trajectories as a function of c. For the 1R (+) adduct and the unmodi®ed control, c is found only in the normal anti domain; however, for the 1S (±) adduct, c is shifted toward the highanti domain (47). In the 1R (+) adduct, the 1S (±) adduct and the unmodi®ed control, the c values are ±175°to ±50°( ±103°T 17°), ±108°to ±15°(±61°T 14°) and ±171°to ±51°( ±100°T 18°), respectively. By comparison, the anti domain of B-DNA has c values in the range of~(±120°to ±100°) (51) . The right-handed helical twist of B-DNA introduces different steric effects stemming from the OH-containing benzylic ring in R and S adducts (29, 33) . The R adduct is inserted on the 5¢ side of the modi®ed base (A*6), and has the benzylic ring positioned toward the 3¢ side of A*6, which is not crowded. However, in the S adduct, the B[c]Ph is inserted on the 3¢ side of the modi®ed base (A*6), and the benzylic ring is positioned toward the 5¢ side of A*6, in a sterically crowded location (Fig. 3) . The shifting of c helps to alleviate this steric crowding caused by the benzylic ring in the S isomer (28, 33) , and accounts for the greater deviation from ideal Watson± Crick base pairing in this isomer.
Distortion free energies are similar in 1R (+) and 1S (±) B[c]Ph-dA adducts and are greater in the bay region B[a]P-dA adducts
Using the MD trajectories generated in our previous study for the B[a]P-dA adducts (28) and the present work, we calculated distortion free energies for the 1R (+) and 1S (±) B[c]Ph-dA, and also for the 10S (+) and 10R (±) B[a]P-dA adducts, as described in Materials and Methods (Table S5) . These distortion free energies evaluate the cost of distorting an unmodi®ed B-DNA duplex to the conformation of the adduct. We found that the 1S (±) B[c]Ph-dA adduct has the lowest distortion free energy (DDG distort = 0), and it is similar in the 1R (+) B[c]Ph-dA adduct (DDG distort = 0.2 kcal/mol); however, the 10S (+) B[a]P-dA adduct distorts the normal B-DNA most severely with DDG distort of 8.3 kcal/mol, while the 10R (±) B[a]P-dA adduct only moderately distorts the B-DNA (DDG distort = 3.8 kcal/mol). These thermodynamic stability (Table S6) .
DISCUSSION
Origin of similar stabilities in 1R (+) and 1S (±) isomeric B[c]Ph-dA adducts
Our computations show that the 1R (+) and 1S (±)-trans-anti-B[c]Ph-N 6 -dA adducts have similar free energies, enthalpies and entropies (Table 2) . This is consistent with experimental thermal melting studies, which have shown that duplexes containing the 1R (+) or 1S (±) B[c]Ph-dA adduct on A* in a 13mer duplex containing the 11mer of the present study are thermally as stable as the unmodi®ed DNA duplex, since all three duplexes exhibit essentially the same melting points (T m ): 54.7 T 0.5°C for the unmodi®ed duplex, 55. Table S4 ) and the helix unwinding and stretching, induced by the intercalation, is about the same in the two isomers ( Table 1 ). The components analyses of the distortion free energies (Table S5) ; therefore, the differences in the distortion free energies are mainly caused by the internal distortion energy which is derived form helix perturbations, such as unwinding and stretching, due to the intercalation. Furthermore, both the intercalation-induced distortions and the compensating van der Waals interactions are quite similar in the case of these two isomeric B[c]Ph-dA adducts (Tables S4 and S5 ). In addition, the~95% occupancies of the Watson±Crick base pair hydrogen bonds show that, though non-ideal, the modi®ed adenines remain paired with their partner thymines during the simulations.
Origin of different stabilities in fjord region B[c]Ph-dA and bay region B[a]P-dA adducts
Our previous computations showed a signi®cant free energy difference between the 10R (±)-and 10S (+)-trans-anti-B[a]P-N 6 -dA adducts [DG tot = 13 kcal/mol, of which~10 kcal/mol is enthalpic contribution, favoring the 10R (±) B[a]P-dA adduct] (28). This is in line with differences in thermal melting temperatures for this pair of adducts. Speci®cally, the thermal melting temperature (T m ) for the sequence studied in our computations, an 11mer DNA duplex d(CGGACA*AGAAG)d (CTTCTTGTCCG), containing a 10R (±)-trans-anti-B[a]P-N 6 -dA adduct is 33°C, while that of the DNA duplex containing (Table S5) . Taken together, these ®ndings indicate that the bay region B[a]P modi®ed DNA duplexes are structurally more distorted than their fjord region counterparts. However, as discussed in our earlier work, comparisons of experimental T m values with computed enthalpies in R and S isomers of the adducts is only a rough approximation, with the assumption that the two modi®ed isomeric single-stranded coils would have the same enthalpies (28, 54) .
Origins of differences in B[c]Ph-and B[a]P-dA adducts are attributable to a combination of factors
Greater backbone torsional distortions of the B[a]P-dA adducts. The backbone torsional parameters in the bay region B[a]P-dA adducts are more distorted, especially in the intercalation pockets (28) , and this is also manifested by the higher distortion free energies for these adducts (Table S5) .
Greater rise values at the intercalation pockets of the B[a]PdA adducts compared with the B[c]Ph-dA adducts. The bay region B[a]P-dA adducts cause greater stretch than the fjord region B[c]Ph-dA adducts; this arises from the necessity of accommodating this¯at and extended aromatic ring system within the double helix (Table 3 ) (28) .
Greater extent of unwinding of the B[a]P-dA adducts. Intercalation of an aromatic ring system into the DNA double helix requires stretching and unwinding (47). Because of the intercalation of the B[a]P residue, the 10R (P) B[a]P-dA isomer causes an unwinding of~29°at the intercalation pocket. However, the 10S (+) B[a]P-dA isomer is unwound by a total of~41°. In the latter case, an unwinding of~26°at the intercalation pocket is directly due to the insertion of the aromatic residue. However, an additional~15°of unwinding occurs at an adjacent site, to alleviate steric crowding between the S isomer benzylic ring and the right-handed twisted B-DNA helix (28, 29) . Interestingly, unwinding to alleviate steric crowding was not needed in the S isomer of the B[c]PhdA adduct (Table S3) , as explained below. More disturbed Watson±Crick hydrogen bonding in analogous B[a]P-dA adducts, especially in the case of the 10S (+) isomer with its sterically crowded benzylic ring (28, 29, 33) . This is re¯ected by the hydrogen bond quality index I H at the lesion site, which is higher when the quality of hydrogen bonding is worse (Table 3) .
The topological differences between the fjord and bay region adducts can account for the greater destabilization of the bay region adducts. The more distal aromatic ring system is oriented closer to the linkage site in the fjord than in the bay region adducts (Scheme 1). The B[c]Ph residue experiences steric hindrance between the H1 and H12 atoms (Fig. 1) , causing the aromatic ring system to twist to alleviate it. This twist adjusts its direction to optimize stacking with neighboring base pairs; it is in the 5¢ direction for the 1R (+) B[c]Ph-dA adduct and in the 3¢ direction for the 1S (±) B[c]Ph-dA adduct (Fig. 2) (26,27,34 ). On the other hand, the aromatic ring system of the B[a]P is planar and rigid. Moreover, B[a]P has a larger aromatic moiety, with one more aromatic ring than B[c]Ph, and the arrangement of the aromatic ring system is extended in the B[a]P and curved in the B[c]Ph (Scheme 1). These topological differences account for the differences in rise, in degree of carcinogen±base stacking, in unwinding and in quality of Watson±Crick hydrogen bonding.
The greater distortion due to the rise difference and consequent less favorable stacking in B[a]P-dA adducts results from the rigid nature of the B[a]P residue compared with the adaptable, twisted B[c]Ph residue. When inserted into the DNA duplexes, the planar B[a]P ring system is not parallel to the adjacent base pairs, because its orientation is completely governed by the R or S linkage site, with no adaptable twist. Furthermore, the topology compels this ring system to orient itself away from the C10 linkage site (Scheme 1 and Fig. 3 ) (29±31,33). Thus, the DNA duplex has to stretch more in order to accommodate the rigid B[a]P ring system. The more unwinding of the B[a]P-dA adducts stems from the extended nature of the B[a]P ring system. In the bay region B[a]P residue, the aromatic ring system points away from the linkage site (solid black dots in Scheme 1), while in the fjord region B[c]Ph residue, the twisted aromatic ring is oriented towards the linkage site. Therefore, the¯at B[a]P aromatic moiety is more extended than the B[c]Ph moiety and causes more unwinding of the DNA in order to accommodate itself within the duplex (29±31,33) . Conversely, the B[c]Ph aromatic ring system has a more compact shape and ®ts better into a less distorted intercalation pocket, and the adaptability in direction of its twist is employed to achieve optimal stacking with neighboring base pairs (26, 27, 34) .
The worse quality of Watson±Crick hydrogen bonding at the lesion site in the 10S (+) B[a]P-dA isomeric adduct is due to the more severe steric crowding between the benzylic ring and the C5 residue adduct than in the B[c]Ph adenine adduct ( Fig. 3) (28) . In the S isomer of the B[c]Ph-dA adduct, this steric crowding is alleviated in part by a movement of the benzylic ring slightly toward the 3¢ side of the modi®ed base, and rotation of the glycosidic torsional angle c toward the high-anti region. However, in the S isomer of the B[a]P-dA adduct, the more severe steric crowding causes a syn/anti equilibrium, which produces diminished quality of hydrogen bonding. In mammals NER is the only repair mechanism to remove PAH-modi®ed DNA adducts (1) . Both modi®cations to the DNA chemistry and distortions to DNA helical structure are necessary for NER (1, 6, 10) . A`thermodynamic probing' mechanism is suggested to be involved in the NER damage recognition process (12) , which probes the DNA helix for destabilization, stemming from such factors as diminished Watson±Crick base pairing, DNA bending, and unwinding of the DNA strands (6, 7, 10, 11) . The fjord region B[c]Ph-dA adducts and the bay region B[a]P-dA adducts, located in the identical sequence context, the human N-ras mutational hotspot codon 61 sequence, and with exactly the same stereochemical properties, show very different repair susceptibilities in the cell-free human NER system: both the 10R (±)-and 10S (+)-trans-anti-B[a]P-N 6 -dA adducts are excised, while neither the 1R (+)-nor the 1S (±)-trans-anti-B[c]Ph-N 6 -dA adducts are removed (19) . Speci®cally, the relative NER excision activity for the 1R (+) and 1S (±) B[c]Ph-dA and 10S (+) and 10R (±) B[a]P-dA adducts are about 1, 1, 18 and 8%, respectively (relative to 100% for the 2-acetylaminouorene adduct, e.g.
[AAF]-C 8 -dG adduct) (19) . We have found minimal distortions and thermodynamic destabilization needed to accommodate intercalation in the case of the B[c]Ph-dA adducts, and we suggest these are insuf®cient for recognition and excision of these lesions by the human NER apparatus. In contrast, we suggest that the signi®cantly greater thermodynamic destabilization and structural distortion induced by the B[a]P-dA adducts are recognized by the DNA repair enzymes, leading to the excision of these bulky bay region adducts.
Our computed distortion free energies correlate with the experimentally determined human NER susceptibilities for these adducts (Fig. 4) , and support the hypothesis that DNA helix destabilization facilitates human NER (6,7,10±12). It remains to be determined whether such a correlation might provide a way to estimate the NER excision activity for the intercalated family of DNA adducts using MD and free energy calculations, through studies of other such systems.
CONCLUSIONS
The limited extent of destabilization and distortion of the B[c]Ph-modi®ed DNA duplexes provides a possible explanation for the observed lack of excision of these fjord region adducts by NER enzymes. Comparisons between the fjord region 1R (+)-and 1S (±)-trans-anti-B[c]Ph-N 6 -dA adducts and the bay region 10R (±)-and 10S (+)-trans-anti-B[a]P-N 6 -dA adducts suggests a plausible structural basis for the differences in stabilities and susceptibilities to NER of these pairs of fjord and bay region PAH-N 6 -dA adducts. In turn, the resistance to repair of the fjord PAH-N 6 -dA adducts may contribute to the high tumorigenic potency of the B[c]PhDE metabolites.
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